Juvenile myelomonocytic leukemia (JMML) is a rare leukemia of infancy and early childhood. A hallmark of JMML is that JMML cells are selectively hypersensitive to GM-CSF *in vitro,* but have normal sensitivity to IL-3, which shares the β-subunit receptor with GM-CSF.^[@bib1],\ [@bib2]^ The pathogenesis of JMML is linked to dysregulated signal transduction through the Ras signaling pathway caused by mutations of *RAS, PTPN11* and *c-CBL,* or loss-of-heterozygosity of *NF1*.^[@bib3],\ [@bib4]^ Although most patients with JMML experience an aggressive disease course, some others spontaneously resolve.^[@bib3],\ [@bib5]^ No specific mutation has been definitively demonstrated to confer a poorer prognosis, with the exception of perhaps *PTPN11*, which has been shown to be associated with a higher risk of relapse in some series. In addition, gene expression and methylation analyses have identified signatures associated with outcome that are unexpectedly independent of genotype,^[@bib5],\ [@bib6]^ leading us to believe that additional mutations or events mitigate the course of JMML. Finally, the mechanisms that underlie selective GM-CSF hypersensitivity are not well established in JMML.

We previously reported that constitutively-hyperactive MAPK and Akt were found in 73% and 55% of JMML patients, respectively, and that a tumor suppressor, PTEN (phosphatase and tensin homolog deleted on chromosome ten), was deficient in 67% of JMML patients.^[@bib7]^ As PTEN functions as an antagonist to MAPK and PI3K/Akt activities,^[@bib7]^ its deficiency in JMML might therefore result in an inability to antagonize the over-activity demonstrated by GM-CSF hypersensitivity. However, PTEN has never been linked to GM-CSF signaling specifically. Therefore, in this study, we sought to identify additional molecules that specifically affect GM-CSF signaling in JMML. One such possible protein is CREB (cAMP-response-element-binding protein), which is a member of the activating transcription factor family. The phosphorylation status of CREB determines whether it acts on the c-Jun promoter in a repressive or activating manner to affect *c-Jun* gene transcription.^[@bib8]^ *c-Jun* has been found to be overexpressed in JMML, which is a coactivator of PU.1 in promoting monocytic differentiation.^[@bib9]^ CREB has also been described as a proto-oncogene, overexpressed in 65% of acute myeloid leukemia (AML), and is related to growth dynamics for colony-forming unit/granulocyte macrophage (CFU-GM).^[@bib10]^

In order to test our hypothesis that there might be a CREB-related aberrancy in JMML, we collected peripheral blood (PB) or bone marrow (BM) from 47 JMML patients at diagnosis, and evaluated CREB protein levels in mononuclear cells (MNCs) from 26 of these who had sufficient sample material for western blot. In contrast to the data reported in AML, we found that 22/26 (85%) of subjects had substantially lower CREB protein levels than normal controls ([Figure 1a](#fig1){ref-type="fig"}). In further quantifying the total CREB protein using ELISA, we found that the median level of CREB protein was significantly lower in JMML subjects (0.62 ng/mg BSA, *n*=26) as compared with 7 normal controls (8.8 ng/mg BSA, *P*=0.006; [Figure 1b](#fig1){ref-type="fig"}). To understand the mechanism underlying CREB deficiency in JMML, we evaluated the mRNA expression of *CREB* in MNCs from 31 JMML patients using relative quantitative real-time RT-PCR (qRT-PCR). The median of the relative quantity (RQ) of *CREB* mRNA from patients was significantly lower than that from 17 normal adults (0.42 vs 1.00, *P*\<0.001, [Figure 1c](#fig1){ref-type="fig"}). This indicates that the regulation of *CREB* transcription is disrupted in JMML. However, there was no linear correlation between *CREB* mRNA and CREB protein levels in JMML, suggesting that additional mechanism(s) affecting protein levels may be involved. These results, together with the AML data,^[@bib10]^ suggest that a balanced amount of CREB is critical for maintaining cells with proper responsiveness to GM-CSF in hematopoiesis.

Phosphorylation at Ser-133 of CREB is required for the transcriptional activation of early growth response gene-1 (*Egr-1*) in response to GM-CSF stimulation in hematopoietic cell lines, but not to IL-3 stimulation.^[@bib11]^ Egr-1 upregulates the *PTEN* gene. Mice lacking *Egr-1* exhibit a significant increase in steady-state levels of dividing hematopoietic stem cells (HSCs) in the BM, and a striking spontaneous mobilization of HSCs into blood.^[@bib12]^ Egr-1 has a deterministic role in governing the development of hematopoietic cells along the macrophage lineage.^[@bib13]^ Therefore, we hypothesized that *Egr-1* expression may be deficient in JMML because of the deficient transcriptional activation of CREB. We first evaluated Egr-1 protein levels by western blot in MNCs of 24 patients. We found that 21/24 (87%) of subjects were substantially Egr-1 protein deficient ([Figure 1a](#fig1){ref-type="fig"}). If additional studies confirm our data, Egr-1 would be the most frequent protein deficiency in JMML. Owing to no commercial ELISA assay being available for Egr-1 protein quantification, we were unable to quantitatively evaluate the levels of Egr-1 protein in JMML. Instead, we quantified *Egr-1* mRNA expression in MNCs from 47 JMML patients using qRT-PCR. We found that *Egr-1* expression was only slightly lower in JMML (median 4.30, *n*=47) than in normal controls (median 4.66, *n*=17, *P*\>0.05). This indicated that the *Egr-1* transcriptional activity was not significantly disrupted in JMML, suggesting a post-transcriptional mechanism is responsible for the decreased Egr-1 protein levels in JMML.

In order to exclude that the decreased expressions of CREB and Egr-1 were caused by sample degradation, we collected cells from expanded CFU-GM derived from MNCs of a normal control BM and three JMML patients. We found that in the presence of 10% fetal bovine serum and rhGM-CSF, both CREB and Egr-1 were deficient in fresh JMML CFU-GM in comparison with the normal control ([Figure 1d](#fig1){ref-type="fig"}). This confirms that JMML cells are truly deficient with both CREB and Egr-1.

Mutations are rarely reported in either *CREB* or *Egr-1* genes in patients with leukemia or other forms of cancer. Pigazzi *et al.*^[@bib14]^ reported that *CREB* was overexpressed in AML owing to the hypermethylated promoter of miR-34b. Further, knockdown of *miR-183* increased Egr-1 and PTEN expression in cancer cells.^[@bib15]^ Interestingly, miR-34b is located on chromosome 11q23, and miR-183 on 7q32. Both of these chromosomal segments are frequently disrupted in JMML.^[@bib3],\ [@bib4],\ [@bib6]^ Therefore, we evaluated the expression levels of miR-34b and miR-183 in MNCs from PB or BM of 47 JMML patients. We found a slightly higher median level of miR-34b in JMML subjects (median=1.4 vs 1.0, *P*\>0.05, [Figure 2a](#fig2){ref-type="fig"}). Strikingly, the median level of miR-183 was significantly higher in JMML compared with normal controls (median=13.8 vs 4.2, *P*\<0.001, [Figure 2b](#fig2){ref-type="fig"}). Our data suggest that miR-183 may contribute to Egr-1 protein deficiency in JMML, but miR-34b does not have a significant role in CREB deficiency. Interestingly, we also found a significant linear correlation between the expression level of miR-183 and the monocyte percentage in 34 patients who had available clinical data (*P*=0.026, [Figure 2c](#fig2){ref-type="fig"}). On the basis of a robust regression analysis, for every unit increased in the square root of RQ miR-183, the monocyte percentage significantly increased by 0.73% (s.e.=0.32%, *P*\<0.05). Unfortunately at present, we do not have access to clinical data to analyze the correlation of miR-183 expression levels with patients\' clinical course. However, in further investigating miR-183, attempting a correlation with the known mutational status of *PTPN11, NRAS, KRAS* and *CBL* genes in 28 patients with available data ([Supplementary Table-S1](#sup1){ref-type="supplementary-material"}), we found that miR-183 expression was significantly higher in patients with *PTPN11* mutations (median 34.8) than those without (median 6.9, *P*=0.002, [Figure 2d](#fig2){ref-type="fig"}). We could not make conclusive correlations between miR-183 expression and *NRAS*, *KRAS* and *CBL* mutational status because of limited numbers of patients with these mutations.

In this study, we found that CREB was significantly decreased in JMML, and this decrease may contribute to overexpression of c-Jun in JMML,^[@bib9]^ because of insufficient CREB repression of transcriptional activation on *c-Jun*.^[@bib8]^ We also found a significant overexpression of miR-183 in JMML, which may contribute to Egr-1 protein deficiency, and further worsen the monocyte accumulation in JMML. This is supported by our finding that the expression levels of miR-183 were significantly linearly correlated with the monocyte percentage in JMML patients. Furthermore, it has been reported that anti-miR-183 treatment leads to increased protein levels of Egr-1 and PTEN in tumor cell lines.^[@bib15]^ Therefore, miR-183 may be a potential biomarker and therapeutic target for JMML. The mechanism of overexpression of miR-183 is unknown in JMML. We found that overexpression of miR-183 was related to *PTPN11* mutation. Yang *et al.*^[@bib9]^ reported that activating *PTPN11* mutants increased c-Jun-PU.1 complexes and promoted monocytic differentiation. It will be interesting to investigate whether increased c-Jun-PU.1 complexes have any role in upregulating miR-183 expression, or overexpression of miR-183 is correlated with any status of chromosome 7q in JMML.

In summary, we identified CREB and Egr-1 as being significantly deficient in JMML, both of which are molecules specifically affecting GM-CSF signaling. We also demonstrated that miR-183 was overexpressed in JMML, which may contribute to the Egr-1 deficiency and possibly the monocyte predominance in JMML. This is the first evidence demonstrating that a microRNA is involved in JMML pathogenesis. Further investigations may reveal how miR-183 is regulated and contributes to dysregulated GM-CSF signaling, and provide more insights to microRNA involvement in the pathogenesis of other forms of leukemia.
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**Note added in proof**

While this manuscript was undergoing revision, a manuscript was published by Pigazzi *et al*, Haematologica, 2012 Oct 25 (published online ahead of print) 'miR-34b promoter hypermethylation induces CREB overexpression and contributes to myeloid transformation.\' In this manuscript, the authors present some data from JMML patient samples to suggest CREB protein deficiency.
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![(**a**) Total CREB and Egr-1 protein levels in JMML. Representative lysates of unstimulated MNCs were prepared from PB or BM. CREB, Egr-1 and β-actin proteins were analyzed by western blot. NM, normal individual; J\#, JMML patient. (**b**) Total CREB protein levels were quantified using ELISA kit. Dots show the CREB protein levels in normal controls or JMML patients. The bars indicate the median levels of each group (8.8 vs 0.6, *P*=0.006). Normal, *n*=7; JMML, *n*=26. (**c**) *CREB* mRNA expression level of MNCs was quantified by real-time qRT-PCR. Total RNA was extracted from unstimulated MNCs from PB or BM of patients or normal controls. Dots show the *CREB* expression levels in normal controls or JMML patients. The bars indicate the median levels of each group (1.0 vs 0.4, *P*\<0.001). Normal controls, *n*=17; JMML patients, *n*=31. (**d**) Total CREB and Egr-1 protein levels in CFU-GM cells from JMML patients and a normal control. Frozen MNCs (10^7^/ sample) from patients or normal control were plated in a density of 10^5^/ml on methylcellulose-based medium containing rhGM-CSF 2 ng/ml. CFU-GM cells were collected after incubation for 14 days, and washed in PBS twice, then starved in RPMI-1640 with 10% FBS without rhGM-CSF for 16 h. Cells were then stimulated with rhGM-CSF at a concentration of 10 ng/ml in RPMI-1640 with 10% FBS. Cells were collected and washed twice in cold PBS at the proper time-points, and cell lysates were prepared. Protein levels were analyzed by western blot.](leu201349f1){#fig1}

![(**a**) miR-34b expression levels of MNCs were quantified by real-time qRT-PCR. Total RNA was extracted from unstimulated MNCs from PB or BM of patients or normal controls. Dots show the miR-34b expression levels in normal controls (*n*=17) or JMML patients (*n*=47). The bars indicate the median levels of each group. (**b**) miR-183 expression levels of MNCs were quantified by real-time qRT-PCR as miR-34b. Dots show the miR-183 expression levels in normal controls (*n*=17) or JMML patients (*n*=47). The bars indicate the median levels of each group. (**c**) Linear correlation between miR-183 expression levels in MNCs and the monocyte percentages in PB of JMML patients (*n*=34, *P*\<0.05). (**d**) miR-183 expression levels of MNCs in patients with or without *PTPN11* mutation. Dots show the miR-183 expression levels in patients with *PTPN11* mutation (*n*=12) or without (*n*=16). The bars indicate the median levels of each group.](leu201349f2){#fig2}
